Wallerian degeneration of the CNS is accompanied by axonal dystrophy or swelling. To understand the mechanisms by which swellings arise, we studied their spatiotemporal dynamics, ultrastructure, composition, and the conditions that affect their formation in vivo and ex vivo. In contrast to peripheral nerve axons, lesioned optic nerve (ON) axons in vivo developed focal swellings asynchronously within 6 hours, long before there is any axon fragmentation. Axons in ON, spinal cord dorsal column, and corpus callosum all showed marked gradients with more swellings in proximal regions of their distal stumps early after lesion. Time-lapse imaging of a validated ex vivo system showed that multiple focal swellings arise after around 1 hour close to the injury site, followed by anterograde wave-like progression on continuous ON axon stumps. Swellings were largely stable but occasionally seemed to fuse with neighboring swellings. Their ultrastructural appearances resembled disease-associated spheroids. Although accumulation of axonal markers suggested transport deficits, large accumulations of mitochondria were not observed. Early swelling formation was decreased in Wld S geneYexpressing rodents and by removing extracellular calcium. Several pharmacologic agents that inhibit axon loss in vitro and/or in vivo also prevented early formation of axonal spheroids in acute ON explants. Because axonal swellings are hallmarks of many neurodegenerative conditions, these data suggest that they are a manifestation of Wallerian-like degeneration in some cases. Thus, Wallerian-like degeneration may be a more common component mechanism in CNS diseases than previously thought.
INTRODUCTION
Wallerian degeneration (WD) is the rapid degeneration of the distal stump of a transected axon (1) . Wallerian degeneration is now considered to represent an active axonal selfdestruction program the molecular mechanisms of which are being elucidated (2Y5). Because many axonal disorders show morphologic similarities to WD and can be altered by the chimeric Wallerian degeneration slow gene (Wld S ) (3, 4, 6) , it is important to understand mechanisms underlying WD and what they may tell us about axon pathology in disease.
There are several differences in WD between the mammalian peripheral nervous system (PNS) and central nervous system (CNS) (7, 8) . Wallerian degeneration of CNS axons is accompanied by marked swelling (4), whereas injured PNS axons swell only slightly (9, 10) . Indeed, axonal swelling was described in spinal cord (SC) distal to a site of injury by Ramón y Cajal (11) , and SC dorsal column (DC) axons swell after dorsal radiculotomy (12) . Many aspects of CNS axon swelling are poorly understood, such as their origin and progression to further axonal regions, their temporal and spatial relationship to axon disintegration and transport impairment, and whether swellings are stable or reversible.
Focal axon swellings form varicosities or larger spheroids in many chronic CNS neurodegenerative diseases (3, 4) ranging from Alzheimer disease (13, 14) to lysosomal storage disorders (15, 16) . These abnormalities often occur without overt axonal disintegration but likely contribute to significant functional impairment (4, 13, 14, 17Y19) .
Various models have been suggested for the molecular and cellular mechanisms that give rise to disease-associated axonal spheroids; most of these consider spheroid formation to be independent from WD. These models include focal axolemmal failure with subsequent ionic dysregulation causing cytoskeletal damage (20Y24), local impairment of axonal transport (13, 21, 22, 25, 26) , and, recently, neuronal autophagy (19, 27, 28) . Although spheroids may arise in a number of different ways, we hypothesized that the contribution of Wallerian-like mechanisms may be underestimated.
Evidence linking axonal swelling and WD recently came from investigations of the Wld S gene in axonal disorders. Wld in the gracile axonal dystrophy (gad) mouse supports a mechanistic link between some axonal spheroids and pathways that control WD (4, 37Y40). The mechanisms of CNS spheroid formation can be studied in experimental WD which offers several advantages. Spheroids occur rapidly after axotomy at predictable time points and can be directly observed. The site of the initiating injury is controlled, and all axons are lesioned simultaneously, thereby triggering relatively homogenous responses temporal sequences of which can be characterized. Finally, some CNS nerves in which spheroids form can be maintained in explant culture to image changes under high structural and temporal resolution. This also allows manipulation of the culture medium.
Here, we studied the early stages after axotomy in several regions of the CNS using transgenic mouse and rat models in conjunction with novel tools, including single axon live imaging. We sought to determine the spatiotemporal patterns of axonal swelling formation after nerve lesion, particularly relationships to axonal fragmentation, the stability of swellings, the composition of dystrophic axons, and the effects exerted by Wld S and other factors previously shown to influence axonal degeneration.
MATERIALS AND METHODS

Animals
Rat studies used homozygous Wld S transgenic rats (line 79, Sprague-Dawley genetic background) (32) and control Sprague-Dawley rats. Most mouse studies used yellow fluorescent protein transgenic (YFP)YH hemizygote mice to facilitate axon imaging (9, 41) . To study the effect of Wld S , we introduced single alleles of the original, spontaneous Wld S locus (29) and/or the Wld S transgene (30), as previously described (9) . Wld S delays axon degeneration semidominantly with 2 alleles roughly doubling the neuroprotective potential in different paradigms (30, 37, 42) . Triple heterozygous mice (YFP-H plus Wld S plus transgenic Wld S ) express similar levels of Wld S protein to homozygotes for the original Wld S mutation and display a similar retarded time-course of axon degeneration (9) . For mitochondrial imaging, we bred Thy1.2-mitoCFP-S or Thy1.2-mitoCFP-P transgene mice (43), sometimes with YFP-H to image axon morphology along with mitochondria. All assessed animals were adult (G12 months). Transgenic mice were genotyped by Southern blotting, as previously described (14, 38) . Animals were housed under a 12-hour light-dark cycle with free access to water and food. All animal experiments were performed under the United Kingdom Animals (Scientific Procedures) Act 1986 and according to Project Licenses 80/1778, 80/2254, or 80/1956, or with the approval of the Committee for Animal Experiments, University of Szeged, regarding the care and use of animals for experimental procedures (License no. VII./5027/002/2003).
Surgical Protocols
Unilateral retrobulbar rat optic nerve (ON) transection or crush (2Y3 mm behind the globe) was performed as previously described (32) . The ON was transected using an ophthalmic scalpel (BD Optimum, Waltham, MA) or crushed for 20 seconds with a calibrated forceps (type 3C; Dumont, Montignez, Switzerland) to ensure consistency of the lesion. Sham operations were performed by exposing the ON for a similar time without lesioning.
For mouse ON crush, the animals were anesthetized with ketamine hydrochloride (5 mg/kg; Ketaset, Fort Dodge Animal Health, Wyeth, Madison, NJ) and xylazine (100 mg/kg; Rompun, Bayer Healthcare, Leverkusen, Germany), i.p., and the nerve was ligated behind the globe using 5-0 silk suture to expose the retrobulbar portion of the ON. Using an operating microscope, the point of ligature was additionally crushed for 20 seconds with a watchmaker forceps to ensure complete lesion. Eyes were treated with an ocular lubricant (LacriLube, Allergan, Buchinghamshire, UK) at the end of the procedure.
For rat lumbar DC crush injury, the animals were deeply anesthetized with 1% to 2% halothane in a mixture of 50% nitrous oxide and 50% oxygen and received a laminectomy at T13 vertebral level to expose the underlying DC. The dura mater was cut longitudinally, and the tips of sharpened fine forceps (Dumont N-5) were inserted 2 mm into the SC parenchyma enclosing the ascending sensory DCs, closed, and held tightly for 20 seconds. After the crush injury, the muscle layers were sutured with 5-0 and 3-0 sutures, the skin closed with metal clips, and the surgical area again disinfected.
For mouse lumbar DC crush, mice were deeply anesthetized with Hypnorm (0.0045 mL/10 g body weight) and Diazepam (0.0075 mL/10 g body weight). After laminectomy at the T13 vertebral level, the dura mater was incised in the midline and carefully pulled aside without damaging the SC. Each DC was crushed to a depth of 1 mm separately with a Dumont 5Ysized watchmaker's forceps for 20 seconds, and special care was taken to avoid the injury of the dorsal spinal artery. The dura was then pulled back to its original position and the tissue layers closed with sutures. Transcallosal axotomy in the midline extending approximately 6 mm rostrocaudally in heterozygous YFP-H and double heterozygous Wld S /YFP-H mice was performed as previously described (14) .
Histology
Animals were perfused transcardially under deep anesthesia with 4% paraformaldehyde in 0.1 mol/L phosphatebuffered saline (PBS; pH 7.4; for fluorescence microscopy) or with 2.5% glutaraldehyde/2% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.35; for semithin and electron microscopy). Optic nerve stumps, SC segments, and brains were dissected and postfixed by immersion in the perfusion fixative overnight (for fluorescence microscopy) or for several days (for semithin and electron microscopy).
Entire ON distal stumps (from globe to optic chiasm) from rats were divided into 4 equal approximately 5-mm segments numbered 1 to 4 from proximal to distal (Fig. 1A) . Postfixed full-length ON stumps from perfused mice expressing the YFP-H transgene were treated with Triton X-100, washed, and mounted as whole-mounts on conventional glass slides in Vectashield (Vector Laboratories, Burlingame, CA), as described previously for sciatic/tibial nerves (9, 10) . Mouse ON explants at the end of live imaging experiments were similarly immersed in 4% paraformaldehyde in 0.1 mol/L PBS (pH 7.4) in a Sylgard (Dupont, Wilmington, DE)Ycoated dish, held at both ends with fine insect pins under slight tension for at least 1 hour, and further processed for whole-mount embedding in Vectashield mounting medium.
Rat SCs (cranial to point of crush lesion at vertebral level T13) were dissected immediately after transcardial perfusion, washed, and cut transversely at 5-mm intervals. Entire mouse SCs from YFP-H (/Wld S ) mice, including the DC crush lesion point, were extensively washed in PBS after fixation, cryoprotected in 20% sucrose in PBS at 4-C for 2 days, and then embedded in OCT medium. Longitudinal DC cryosections were cut at 50 Km using a Leica CM 1850 cryostat and mounted in Vectashield on conventional glass slides. Rat ON segments for immunohistochemistry were treated in the same way, but cryosections were cut at 20 Km and mounted on poly-L-lysineYcoated glass slides (VWR SuperFrost Plus; VWR International, West Chester, PA).
Fixed mouse brains after transcallosal axotomy were washed in PBS, cryoprotected, and embedded in OCT. Sagittal brain serial sections extending through the entire length of the corpus callosum were cut at 50 Km and embedded as described above. Optic nerve and SC segments for semithin and electron microscopy were embedded in Durcupan and further processed for imaging (transverse and longitudinal sections) as previously described (32) .
Immunohistochemistry
Primary antibodies used for immunofluorescence included mouse monoclonal anti-neurofilament 200 (1:500; clone52, N0142, Sigma, St. Louis, MO), mouse monoclonal anti-neuronal class AIII-tubulin (1:500; MMS-435P, Covance, Princeton, NJ), mouse monoclonal anti-SMI32 (1:1000; SMI-32R, Covance), rabbit polyclonal anti-tau (1:200; A 0024, Dako, Glostrup, Denmark), rabbit polyclonal anti-ubiquitin (1:10; Ub379, Sigma), and rabbit polyclonal anti-LAMP-2 (1:500; AB580, gift of A. Tolkovsky, University of Cambridge, UK). Cryosections were incubated overnight in citrate buffer (pH 6.0) at 50-C and then permeabilized with 0.1% Triton X-100 plus 0.05 mol/L NH 4 Cl in 0.05 mol/L TBS for 10 minutes. The sections were then rinsed in fresh TBS, blocked with 5% bovine serum albumin (Sigma) in TBS for 1 hour, and incubated overnight at 4-C with primary antibody (diluted in 0.8% bovine serum albumin/0.05 mol/L TBS). After extensive washes, the secondary antibody solution (Alexa568 goat anti-mouse, Alexa488 anti-mouse, or Alexa488 anti-rabbit; 1:200 in TBS, Molecular Probes, Invitrogen, Carlsbad, CA) was applied for 1 hour at room temperature (RT), and slices were rinsed in TBS and dH 2 O.
For some immunofluorescence experiments, using primary antibodies mouse monoclonal anti-amyloid precursor protein (1:200; MAB348, Chemicon, Millipore, Billerica, MA) and mouse monoclonal anti-synaptophysin (1:100; clone SY38, Dako), cryosections were blocked and permeabilized after antigen retrieval with 3% normal goat serum (Sigma) in 0.05 mol/L TBS plus 0.5% Triton X-100 for 1 hour at RT. Sections were incubated overnight at 4-C in primary antibody diluted in blocking buffer, extensively rinsed with 0.05 mol/L TBS, then treated with secondary antibody solution (Alexa488 anti-mouse; 1:200 in TBS) for 1 hour at RT and finally washed in TBS and dH 2 O.
For immunofluorescence using primary antibody rabbit polyclonal anti-spectrin degradation product (1:500; gift of T.C. Saido, RIKEN Brain Science Institute, Japan) and mouse monoclonal anti-microtubule associated protein-LC3 (1:10; gift of A. Tolkovsky, University of Cambridge, UK), cryosections were incubated in methanol (j20-C) for 15 minutes before blocking in 5% bovine serum albumin (Sigma) and 1% normal goat serum (Sigma) in 0.05 mol/L TBS plus 0.2% Triton X-100 for 1 hour at RT. Sections were incubated overnight at 4-C in primary antibody diluted in blocking buffer and further treated for secondary antibody staining, as previously described. In some experiments, nuclear staining was performed with DAPI or Hoechst 33258. Samples were mounted in Vectashield mounting medium.
Light, Confocal, and Electron Microscopy
Light microscopic pictures from ON and SC semithin sections (500 nm) at varying distances from the lesion point were taken using an Olympus IX 81 microscope system with 100Â NA 1.3 oil immersion objective coupled to an Olympus U-TV0.5XC digital camera controlled by analysis software (analysis; Olympus Soft Imaging System GmbH, Muenster, Germany). Confocal imaging of genetically labeled tissue (YFP, mitoCFP), and immunostained sections was performed with a Zeiss LSM 510 META laser scanning confocal system coupled to a Zeiss Axiovert 200 microscope. Z-Stacks of single focal sections were generated using Zeiss LSM Software Release 3.2 and Adobe Photoshop software. For electron microscopy, 50-to 100-nm ultrathin sections on Formvarcoated copper grids were photographed with a Zeiss EM 902 transmission electron microscope.
Acute ON Explants and Pharmacologic Manipulation
Mice were killed by cervical dislocation, and ONs without previous lesion were quickly dissected from the globe to the optic chiasm and immersed in prewarmed (37-C) Neurobasal A medium (Invitrogen), OptiMEM 1 medium (Invitrogen), or artificial cerebrospinal fluid (126 mmol/L NaCl, 3 mmol/L KCl, 2 mmol/L MgSO 4 , 26 mmol/L NaHCO 3 , 1.25 mmol/L NaH 2 PO 4 , 2 mmol/L CaCl 2 , 10 mmol/L dextrose) using sterile technique. Subsequent incubations were performed in a standard cell culture incubator at 37-C and 5% CO 2 for indicated periods. No significant differences in the evolution and extent of optic axonal dystrophy were observed between experiments using the different media.
For incubation of ON explants in zero-Ca 2+ solution, the previously described composition of artificial cerebrospinal fluid was changed as follows: 2 mmol/L MgCl 2 Control ON explants were incubated in equal concentrations of carriers DMSO, ethanol, and H 2 O in Neurobasal A medium. After the specified incubation times, ONs were transferred into a dish containing 4% paraformaldehyde in 0.1 mol/L PBS (pH 7.4), washed, permeabilized, and mounted in Vectashield as previously described.
Time-Lapse Imaging of Acute ON Explants
To provide optimal optic environment for time-lapse imaging of individual YFP-positive ON axons from acute explants, we used the Delta T Open Dish System (Bioptechs, Butler, PA) in combination with the DeltaVision Restoration Imaging System (Applied Precision, Issaquah, WA) coupled to an Olympus IX 71 inverted microscope and environmental control chamber (Solent Scientific, Segensworth, UK). This system additionally enables point tracking, autofocus function, and real-time deconvolution during wide-field epifluorescence live cell image acquisition.
Optic nerve explants from YFP-H (/Wld S ) mice were quickly dissected as previously described and pinned with ultrafine insect needles on Sylgard-coated culture dishes (Delta T dishes, 35 mm, Bioptechs) containing 1 mL prewarmed Neurobasal A medium. The explant dish was positioned within the imaging system previously equilibrated to 37-C and 5% CO 2 level using a Delta T K Stage Adapter and heated lid with CO 2 port (Bioptechs). Images were acquired at a frame rate of approximately 1/minute for up to 24 hours. The resulting image streams were analyzed (e.g. velocity measurements) and further processed to generate movies using the DeltaVision softWoRx 3.4.5 software (Applied Precision).
Quantification of Axonal Spheroids and Dystrophic Axons
Criteria for axonal dystrophy in rat ON and DC semithin sections magnified 1600Â were a maximal axonal diameter 5 or more times that of their normal-appearing neighbors combined with abnormal axoplasmic content: irregular, unusually dark, or partially or completely empty (Fig. 1D ). Uninjured control ON and DC sections regularly showed a small proportion of dystrophic axons (G5). Total axonal swelling numbers were determined on entire transverse semithin sections of ON Segments 1 to 4 from each rat (Fig. 1A) .
In DC, axonal dystrophy was assessed on serial transverse semithin sections 1.0 to 2.4 mm from the point of injury. In contrast with lesioned ON, substantial edema with secondary changes was particularly prominent close to the point of crush injury, making exact quantification of individual axonal swellings difficult (i.e. there was substantial variability even between adjacent sections). Therefore, we defined the spread of axonal dystrophy in DC from each rat as the maximum range from the lesion point at which spheroids were detectable. Rats (n = 3/group) were used at 6, 10, 24, and 48 hours after DC crush.
To quantify dystrophic axons in acute YFP-labeled ON explants after pharmacologic manipulation at 3 and 6 hours, confocal image stacks through whole-mount preparations were generated at approximately 1-mm distance from each cut end. 
Statistical Analysis
Data are presented as mean T SD. Data were analyzed using 1-way analysis of variance (ANOVA). A p value of less than 0.05 was regarded as significant.
RESULTS
Timing and Spatiotemporal Spread of Focal Axonal Swellings in Injured ONs
We began by assessing spatiotemporal patterns of axon degeneration in transected and crushed ON, dividing the distal nerve stump into 4 equal length segments (Fig. 1A) . Rat ON axons exhibited focal swellings on semithin sections close to the lesion site beginning 6 to 10 hours after injury (Figs. 1BYD). Toluidine blueYstained swellings up to 50 times the diameter of adjacent normal-appearing axons either contained irregular and dark axoplasm filled with amorphous granular material or appeared partially or completely empty forming vacuole-like structures ( Fig. 1D ; arrows).
By 24 hours after ON lesion, axonal spheroids began to arise also in the more distal segment (seg 2) approximately 5 mm from the lesion site and increasingly progressed further to prechiasmatic portions of the rat ON (seg 3 and 4) at 48 and 72 hours (Figure, Supplemental Digital Content 1; http://links.lww.com/NEN/A100). Axonal dystrophy was not assessed after more than 72 hours after injury because significant axon loss due to prominent WD at later time points prevented analysis and reliable quantification (32) . Counts of swellings in ON cross-semithin sections confirmed the progressive and directional nature of axonal swelling formation in wild-type (WT) ONs (Fig. 1G ). This also showed that spheroid numbers in individual segments significantly increased over time, suggesting the gradual appearance of swellings on most ON axons. Only negligible numbers of dystrophic swellings (G5) were observed in sham-injured control rats (not shown).
For longitudinal imaging of these ON swellings, YFP-H mice in which a small subpopulation of axons in the PNS and CNS are fluorescently labeled by expressing YFP (10, 41) were used (Figs. 1H and 2) . In other regions such as peripheral nerves and cortex layer V, this is regarded as at least partially representative of the population (10, 14) . A good correlation between the numbers of YFP + axons in ON and YFP-labeled retinal ganglion cells in retinal flat mounts strongly suggests that these are the axons of retinal ganglion cells. Thus, this method allowed estimation of the proportion of ON axons that swell after injury.
Similar to the findings in WT rats, only Segment 1 showed multiple swellings on a minority of uninterrupted axons 10 hours after a crush lesion but not in uninjured control preparations ( Fig. 1H; rows 2 and 1, respectively) . Individual axonal swellings were sometimes connected to atrophic axon portions that in extreme cases consisted of only narrow axoplasmic bridges. Swelling was asynchronous, that is, dystrophic and morphologically normal axons often coexisted in the same preparation. Swellings appeared in progressively more distal segments with time, reaching Segment 4 at 72 hours after the crush as well as more proximal segments ( Fig. 1H ; row 4), by which time clear interruptions were appearing between spheroids closer to the lesion. Most of the axons appeared swollen at these time points. Confocal tracing of individual distal axon stumps at higher power confirmed that many were swollen only in more proximal regions, consistent with a progressive phenomenon ( Figs. 2A and B) . Loss of axonal continuity displayed a similar directionality (Figs. 2C and D) .
Inhibition of Optic Axonal Swelling Formation by Wld
S
We next determined whether the axonal spheroids could be blocked by Wld S . Transgenic Wld S rats showed substantially fewer early spheroids, and progression along the ON was also reduced ( Fig. 1, EYG; Figure, Supplemental Digital Content 1, http://links.lww.com/NEN/A100). For example, no or only very few swellings (e10) were detected in each Wld S segment 1 up to 10 hours (n = 3) and greater than or equal to 5 swellings were never observed in distal Segments 3 and 4 up to 72 hours (n = 3 for each; Fig. 1G ). Yellow fluorescent protein imaging also indicated that Wld S reduced dystrophic ON axons after crush injury (Fig. 1H, rows 5Y7) ; the difference was particularly marked at 72 hours. At this time point, dystrophic axons were prominent in all ON segments from YFP-H, whereas in the presence of Wld S , there was little swelling outside Segment 1 ( Fig. 1H; row 7) . Thus, injuryinduced spheroids associated with WD could be blocked by the Wld S gene, suggesting a similar mechanism as in axonal spheroids in another CNS neurodegenerative disorder (37) . (Fig. 1H) . Early spheroids showed thinning of their myelin sheaths relative to axon diameter ( Fig. 3C ; arrowheads), accumulations of multivesicular bodies (Figs. 3BYD; asterisks) that seemed to include intact or dilated mitochondria (Fig. 3D1) , electron-dense vesicles (Fig. 3D3) , doublemembrane bound vesicles resembling autophagosomes (27) (Fig. 3D2) , and compacted or disorganized axonal cytoskeleton (Figs. 3BYD) . A central core of compacted neurofilaments and microtubules surrounded by a peripheral halo of multivesicular bodies, which also resembles swellings in some disorders (44, 45) (Figs. 3BYD; arrows) , was often observed. Longitudinal electron micrographs occasionally showed continuity with immediately adjacent nondystrophic regions (Fig. 3 , EYG, arrows) even 72 hours after injury. Unlike previous reports (46), we did not observe swellings at nodes of Ranvier, but whether swellings predominate in the vicinity of nodes remains unclear (Figs. 3EYG) . Thus, injured ON axons swell and assume an ultrastructure remarkably similar to that in chronic disorders of ON and other CNS regions (e.g. glaucoma and hereditary spastic paraplegia) before they fragment (35, 46Y48).
Ultrastructural Analysis of Early Posttraumatic Focal Axonal Swellings in ON
Time-Lapse Imaging of Focal Axonal Swelling Formation in ON Explants
Although there has been 1 very informative study using time-lapse imaging of lesioned SC axons in vivo (49) , it is difficult to generate large sample sizes with this approach or to test the effects of manipulating environmental conditions. Therefore, we established an ex vivo model using explanted ON segments from YFP-H mice (Fig. 4A) . Removal of ONs necessitated cutting all axons in 2 places, so we first characterized the subsequent axon degeneration to validate it as a model of WD where axons are normally cut only once. After 3 to 6 hours, many axons showed multiple focal spheroids in confocal imaging of fixed ON explants (n = 6) especially close to both cut sites where axon tips (Segments 1 and 4) became substantially atrophic (Fig. 4B) . Similar to the in vivo results, focal swellings were found on uninterrupted axons at sites further away from the cut ends, and onset of swelling formation was asynchronous on different axons (Fig. 4B) . The presence of Wld S delayed axonal dystrophy and atrophy (n = 6) ( Fig. 4B; [for quantification see Figs. 7K, L]). Thus, although dystrophy appears more rapidly than in vivo, these similarities suggest that ON explants are suitable models to study axonal swellings and the factors that influence them.
We next performed high-resolution time-lapse imaging of single ON axons as they swell. We sought to confirm that axonal swelling is progressive and directional and to determine whether individual spheroids enlarge over time and whether spheroids ever move or recede. In WT ON, we observed multiple focal swellings forming at progressively more distal sites along individual axons, beginning as early as 1 hour (mean, 179.7 T 99.9 minutes; n = 11; Fig. 4C, D) , with a velocity of 0.08 T 0.03 Km/second (n = 12), broadly within the range of slow axonal transport (Fig. 4E) . showed that no axons were fragmented, indicating that WD was not complete during this time (Fig. 4C) . Individual focal swellings were interconnected by atrophic axoplasmic bridges. Inasmuch as this time is shorter than the 36 to 44 hours required for injured PNS axons to fragment (9, 10) , this is probably because there is insufficient time for ON fragmentation to occur.
Once formed, most focal swellings remained stable in size and position throughout the remaining culture period. Intriguingly, however, a few swellings fused with their neighbors, which then became larger and/or more intensely fluorescent (Fig. 4F ). This suggests a flow of material from 1 spheroid to the next supported by the continued existence of at least some axonal transport. Fusion-like events of adjacent ON swellings recorded over 23:26 hours are shown (Movie, Supplemental Digital Content 4, http://links.lww.com/NEN/A103).
Time-lapse observations of individual ON axons from Wld S /YFP-H mice showed a marked reduction in the number of swellings (Fig. 4C) . However, in the ex vivo system, Wld S did not seem to delay the first appearance of swellings (Fig. 4D) , and the velocity of anterograde spread of swellings was not different from WT (Fig. 4E) . The formation of axonal swellings along an individual Wld S /YFP-H ON axon recorded over 17:47 hours is shown (Movie, Supplemental Digital Content 5; http://links.lww.com/NEN/A104). Taken together, these data suggest that focal axonal swelling formation is a wavelike directional process the mechanism of which is related to WD and may involve components of axonal transport. Larger spheroids arise, at least in part, from the fusion of smaller swellings, but most of the time, spheroids remain stationary.
Axonal Swellings in Other CNS Regions
To determine whether focal swelling in other CNS regions resembles that in injured ON, we next studied acute changes in lesioned SC and brain in which injured axons in distal stumps are known to swell (12, 14, 49) . In both rats and mice, crush lesions of lumbar DC induced multiple axon swellings distal to the lesion as early as 6 hours ( Figure, ) (E, F) most proximal to the injury site at 6 and 10 hours after transection lesion. Axonal swellings were detected as early as 6 hours in WT segments (B) and appeared histologically as prominent vacuoles on low-power photographs of longitudinal sections. At 10 hours after ON lesion, numerous axonal swellings were detectable (C, D); these are characterized by irregular and dark axoplasm or vacuole-like appearance on high-power micrographs of transverse sections (D; red arrows). In contrast, formation of axonal swellings was strikingly reduced in proximal Wld S ON segment 1 (E, F). Sections were stained with 1% methylene bluec1% azure solution. Electron microscopy of crushed DC in rats showed ultrastructural features of early spheroids similar to those in ON (Figure, parts C-E, Supplemental Digital Content 6, http://links.lww.com/NEN/A105). WT and Wld S spheroids were similar in these respects, and all animals also contained empty swellings similar to those seen in ON (data not shown). Thus, many spheroids strikingly resembled the ultrastructure of disease-associated swellings in various conditions affecting the SC (26, 47, 50Y53). For example, similar spinal axonal spheroids with attenuated myelin sheaths, organelle accumulations and filamentous aggregates were observed in mouse models for hereditary spastic paraplegia (26, 47) and patients with sporadic amyotrophic lateral sclerosis (53) .
We then examined axonal spheroid formation in axotomized corpus callosum of YFP-H and Wld 
Mitochondria in Acute Axonal Spheroids
Mitochondria are known to accumulate in axonal swellings in several conditions associated with impairment of axonal transport (14, 26, 46) . Thus, we investigated injuryinduced axonal spheroids in mitoCFP transgenic mice where cyan fluorescent protein is targeted to mitochondria (43) . In vivo lesion of ON in transgenic line Thy1.2-mitoCFP-S mice induced substantial redistribution of mitochondria into clusters ( Figure, parts A and B, Supplemental Digital Content 9; http://links.lww.com/NEN/A108). To study whether these clusters corresponded to axonal swellings, we then crossed Mito-S with YFP-H transgenics to obtain a small proportion of axons double labeled by mitochondrial cyan fluorescent protein and cytoplasmic YFP. In uninjured axons, mitochondria had an elongated appearance and homogenous distribution (Fig. 5A) . At 10 to 24 hours after a crush lesion, mitochondrial shapes changed dramatically to a more condensed circular form, similar to those observed in lesioned peripheral nerves (43) and to dystrophic axon regions in a mouse Alzheimer disease model (14) 
Immunostaining of Acute Axonal Spheroids
To understand further the content of injury-induced axonal swellings, we next performed immunocytochemistry for a variety of markers found in dystrophic CNS axons during neurodegeneration (12, 56Y60). Early spheroids (10Y24 hours) in both lesioned WT and Wld S Whereas resting levels of the axonally transported AYamyloid precursor protein and synaptophysin were barely detectable in control ON preparations, injury-induced spheroids contained abundant accumulations of these markers of impaired axonal transport (Figs. 6AYF) . Early ON spheroids were also modestly immunoreactive for ubiquitin ( Fig. 6O;  insets) , although to a much lesser extent than adjacent glial cell bodies ( Fig. 6O; arrow) . Double-immunostaining using an antibody that specifically recognizes spectrin degradation products showed focal signs of calpain protease activation encompassing AIII-tubulinYlabeled spheroids with their accompanying cavities ( Fig. 6N; arrowheads) . This is consistent with the concept of early calcium-induced spectrin proteolysis at sites of swollen axon portions (63) . No staining difference between individual WT and Wld S spheroids could be detected using these antibodies (not shown).
Induction of autophagy has recently been implicated in neurodegenerative axonal spheroids that show accumulation of autophagosomes (27, 64) . Our results suggest the presence of double membrane-bound vesicles in lesion-triggered ON swellings (Fig. 3D) To test for accumulation of autophagosomes and autophagolysosomes, we applied antibodies that recognize LC3 and LAMP-2 (54). Both showed intense immunolabeling of lesion-triggered WT and Wld S ON swellings and adjacent axon portions with the appearance of fine puncta on a homogenous background of immunoreactivity. Levels in uninjured control axons were undetectable to low (Figs. 6GYL) .
Together, these findings indicate that axonal swellings associated with neurodegenerative disease and early lesioninduced ON spheroids share several features in their composition. This argues for involvement of partial transport failure, calpain protease activation, and autophagy in the early pathogenesis of dystrophy.
Pharmacologic Manipulation of Axonal Dystrophy
Finally, we used the ON explant system to test the effects of pharmacologic manipulations that influence axon degeneration in diverse settings (65Y68). Because axonal calcium overload is a key downstream event leading to degeneration (65, 69, 70) , we tested whether early injury-induced swelling could be influenced by axonal calcium in YFP-H ON preparations fixed at the end of the culture period. This approach is similar to those in previous studies of ON and SC explants, but with the additional advantage of intrinsic axon labelling by YFP-H (69, 71, 72) .
Removal of Ca 2+ from the medium for 3 and 6 hours caused a dramatic reduction in the percentage of dystrophic axons, strongly suggesting that influx of calcium is required to form focal spheroids (Figs. 7A, B, K, L) . This reduction was significantly greater than the block conferred by Wld (74), and the presence of spectrin degradation products around axonal spheroids in vivo (Fig. 6O) suggests that activated calpains might be involved in early dystrophy. Consistent with this model, a combination of reversible and irreversible calpain inhibitor (EST + calpain inhibitor III), or the calpain inhibitor ALLN that delays WD in vitro (74) , both significantly blocked axon dystrophy in ON cultures (p G 0.05, n = 6, for both; Figs. 7E, F, K, L).
In several circumstances, excessive influx of sodium ions precedes axonal calcium overload in a pathophysiologic cascade that triggers breakdown of axonal integrity (67, 70, 75, 76) . Substances that block sodium influx therefore protect axons in these cases. Application of 10 Km of tetrodotoxin, a classical sodium channel blocker, also significantly reduced formation of acute axon swellings at 3 and 6 hours of incubation (p G 0.05; n = 6; Figs. 7G, K, L). Similar results showing significant attenuation of dystrophy were obtained with the proteasome inhibitor MG132 (Figs. 7H, K, L) and the autophagy inhibitor 3-methyladenine (Figs. 7I, K, L), both known to delay neurite degeneration in vitro (74, 77) . Incubations with caspase inhibitor 1 or the used drug vehicles (ethanol, DMSO) did not confer protection of ON axons (Figs. 7JYL and data not shown).
Taken together, these results demonstrate that a series of distinct pharmacologic treatments previously shown to inhibit axon loss in vitro and/or in vivo also prevent early formation of axonal spheroids in acute ON explants.
DISCUSSION
By characterizing axonal swelling after injury to 3 CNS tracts, we elucidate the relationship of this process to WD in the CNS and PNS. We show that CNS axonal swelling is an early event after injury that precedes the loss of continuity of the distal stump and occurs far earlier than axon fragmentation after comparable PNS injury. Inasmuch as most YFP + fibers eventually displayed swellings, the process is a general, although asynchronous, phenomenon. Moreover, it is progressive as it spreads steadily from the injury site to more distal axon regions. Because it is reduced by the Wld S gene and shares some spatiotemporal properties, axonal swelling seems to be mechanistically related to WD.
Wallerian degeneration in the CNS is dramatically slower than in the PNS, although this mostly reflects the protracted clearance of myelin and axon debris rather than intrinsic differences between CNS and PNS axons (7, 8) . However, we show that CNS axons react very early by forming axonal spheroids within 6 hours of axotomy in vivo. This is distinct from PNS axons in which only minimal morphologic changes occur later, that is, as long as 37 to 44 hours after injury (9) . In particular, transected PNS axons do not notably swell before undergoing fragmentation (9, 10, 78) . The possible explanations for this difference between PNS and CNS could lie in the distinct cellular environment, including the extent of complement pathway activation (7, 79) . Indeed, injured neurites in primary neuronal cultures do show swelling before fragmentation; this even occurs in dorsal root ganglia explants that would have projected some axon branches to the PNS in vivo (74, 77, 80, 81) . This suggests that surrounding glia with extraneuronal matrix and immune cells (e.g. macrophages), both of which are lacking in such cultures, play important roles in the morphologic response of axons to injury (82) .
Using endogenous, fluorescent labeling of small axon subsets in YFP-H mice, we studied the spatiotemporal dynamics of axon swelling along individual CNS axons. We first showed that there is proximal to distal spread of swelling along individual axons after both transection and crush injury. Our data on the propagation of swelling along injured CNS axons (Fig. 4E) are consistent with the model of a progressing calcium influx wave, that is, localized influx of deleterious calcium ions at the site of injury with subsequent permeabilization of the adjacent axolemma would trigger further calcium influx at more distal axon segments, which could account for the directionality of swelling propagation (9) . Because the CNS pattern differs from that of nerve fragmentation in the PNS (which spreads in different directions after different types of injury), alternative mechanisms could be responsible (9) .
Live imaging also enabled us to examine the plasticity of axonal swellings. Multiple swellings were largely stable after formation, but occasionally, we observed that individual axonal swellings shrank and seemed to fuse with their neighbors ( Fig. 4F ; Movie, Supplemental Digital Content 4; http://links.lww.com/NEN/A103). The occurrence of swellings on continuous axons raises the question as to whether under the right circumstances they might be reversible, leading to functional recovery of the axon.
Third, we clarify the relationship between injury-induced axon swelling and axon fragmentation in WD. We found that CNS axon swelling occurs long before either loss of axon continuity in the distal stump or the granular disintegration of the cytoskeleton. Swelling such as these more classic features of WD is delayed by Wld S , suggesting they share common molecular mechanisms.
Our data add to the debate regarding whether axonal swellings are a cause or consequence of impaired axonal transport, or both (3, 4) . Accumulation of axonal markers in dystrophic axons rapidly after lesion does demonstrate some early impairment of axonal transport (Fig. 6) . However, early injury-induced ON swellings did not contain large accumulations of mitochondria that would have been expected if impaired mitochondrial transport caused focal dilation of the axon. This suggests that early axonal transport deficits are limited to partial impairment, possibly not directly causing swelling, and that mitochondria are still able to traverse sites of focal axonal swellings once they arise as in Drosophila (83) . When live imaging of axonal transport becomes possible in the mammalian CNS, it will be important to examine mitochondrial transport directly at sites of focal CNS axonal dystrophy.
We identify a key role for calcium influx as a molecular mechanism for injury-induced axonal swelling. For example, calcium influx can be rapidly triggered by the induction of the membrane attack complex on axons after complement activation (79) . Conversely, calcium influx through specific channels seems to be a central event in axonopathies and in WD, leading to axonal cytoskeleton degradation by calpain activation (67, 84, 85) . In some cases, sodium ion influx triggering extracellular calcium entry by reverse activation of the Na + -Ca 2+ exchanger is an important upstream event (67, 86) . Drugs blocking various steps of this pathway reduce axon loss in ON and SC (68, 69, 86Y89). Our results applying similar drugs to YFP-H ON explants support the concept that early axonal dystrophy also results from aberrant influx of sodium ions and subsequent activation of calpains by calcium (Figs. 7BYG) , that is, tetrodotoxin and several calpain inhibitors delayed early ON dystrophy to similar extents. As in chemically anoxic ON explants (90), removing calcium ions using EGTA had the strongest protective effect. Conversely, the calcium ionophore A23187 greatly exacerbated axonal dystrophy. Interestingly, as in peripheral nerves (91) , Wld S could not block this effect (Fig. 7D) , suggesting that Wld S acts upstream of calcium influx. This is also consistent with the double-immunostaining results showing similar calpain activation (indicated by spectrin degradation products) around AIII-tubulinYlabeled ON swellings from both WT (Fig. 6N) and Wld S rats. Our data also suggest involvement of the ubiquitin proteasome system in early axonal swelling. The proteasome inhibitor MG-132 is known to block degeneration of transected neurites in superior cervical ganglion primary cultures and WD of the lesioned mouse ON in vivo (74), and we found marked protection against early ON dystrophy using similar concentrations of MG-132. An interesting hypothesis in this context is that degradation of axonal components inhibiting swelling could be controlled by the ubiquitin proteasome system.
A role for autophagy in early focal swellings is suggested by increased LAMP-2 and LC3 labeling in a granular pattern close to the injury site and by the ability of 3-methyladenine to suppress dystrophy in acute ON explants. Induction of autophagy has been reported within focal axonal swellings in Purkinje cells of Lurcher mice, a model for chronic excitotoxic neurodegeneration (27) and 3-methyladenine is reported to attenuate neurite degeneration in superior cervical ganglion neurons (77) , suggesting that autophagy is directly involved in axonal degeneration pathways. However, genetically blocking autophagy caused distal axonal swelling in Purkinje cells (19) . Together, these observations suggest that autophagy at a certain level is required for CNS axonal integrity, but deviations from this level may lead to axonal swelling.
Our data indicate several similarities between injuryinduced axon swelling and disease-associated spheroids. Although mechanical transection of axons is rare in disease, defects in axonal transport are known to trigger similar processes (4) . Axonal spheroids in disease have often been viewed independently of WD (13, 92Y95), but the Bbeads-on-a-string[ pattern we show for CNS axons undergoing WD (Figs. 2B, 3G, 4C ; Figure, part C, Supplemental Digital Content 8; http://links.lww.com/NEN/A107) closely resembles the connected, alternating regions of dilation and constriction reported in a range of conditions, including multiple sclerosis and experimental autoimmune encephalomyelitis (24, 57) , tauopathies (51), motor neuron disease (17) , stroke (96) , traumatic brain injury (59, 97) , and glaucoma (32) . However, swellings can also be terminal axon end bulbs in some of these disorders. Further similarity is the positive immunostaining for amyloid precursor protein, SMI-32, and synaptophysin ( Fig. 6 ; Figure, Supplemental Digital Content 10; http://links.lww.com/NEN/A109), markers of deficient axonal transport that also accumulate in multiple sclerosis and other disorders (24, 57, 98) . Here, this was accompanied by abundant neurofilament, tubulin, tau, and ubiquitin immunostaining, also signatures of chronic dystrophic axons with defective transport (25, 63, 92, 99) . The ultrastructure and size range of lesion-induced swellings (Fig. 3) are also strikingly similar to those seen in chronic neurodegeneration directly attributed to focal impairment of axonal transport (13, 26, 46) . Together with our earlier demonstration that Wld S can block axonal swelling in disease (37) , this suggests that axonal spheroids in some diseases can be a manifestation of ongoing Wallerian-like degeneration. Whether this is a contributory step or a result of other degenerative mechanisms, and which axonal spheroid disorders reflect Wallerian-like degeneration and which do not, are important topics for further study.
In summary, there are substantial similarities between the axonal swellings that occur during WD of the CNS and axonal spheroids that are prominent in many neurodegenerative disorders. Such spheroids may reflect Wallerian-like processes more commonly than previously thought, but how many disorders this applies to remains to be determined because axons may swell for other reasons. During WD, axonal swelling is a very early event that spreads along distal axons stumps in a proximal to distal pattern and is sensitive to Wld S . These properties are widespread in the CNS but largely excluded from the PNS, suggesting that glia or other environmental factors contribute to their origin.
